INTRODUCTION
Conductivity measurements are widely used in the dairy industry, for example, as a quality control of milk to detect mastitis, [1] for analysing fermentation processes for production of cheese starters [2] or to monitor the start-up and prerinsing phases of the milk pasteurization process. [3] Start-up and prerinsing constitute considerable sources of raw material waste in dairies and thus more accurate methods of evaluating conductivity are needed. So far we have only a limited knowledge of how dilution affects the conductivity in the full concentration range of milk at different temperatures. Dejmek's work, [4] for example, comprises data on only highly diluted milk solutions. In particular the scientific background to the observed nonlinear behavior of conductivity with dilution has not been studied.
Conductivity of Milk
Seminal work on milk conductivity was performed by Prentice [5, 6] ; more recently renewed interest was shown by Therdthai and Zhou [7] who used an artificial neural network to model the conductivity of recombined milk. They also developed the method further into hybrid models by including milk component contribution in the form of Nernst's law or Kohlrausch's law. [8] The natural composition of milk changes with the age of the milk, the stage of lactation, the season, and the breed of cattle. The natural variation in milk conductivity is from 4.0 to 5.5 mS cm À1 at 20 C. [9] The greatest contributions to the conductivity are known to be from the salts of milk (Table 1 ). [10] Some of the salts are dissolved in the serum as ions, while others are in temperature and pH dependent equilibria with the various species associated with the casein micelles or other proteins and their contribution to the conductivity is therefore more difficult to ascertain. Apart from the salts, the major components of milk are lactose, proteins, and fat in the form of milk fat globules. Lactose does not carry a charge, and its effect on conductivity is given by its effect on milk viscosity. Proteins do carry a pH dependent net charge, and their mobility in electric field can be directly measured by electrophoresis. Proteins affect the conductivity in two ways, by carrying a charge and by influencing viscosity. Considering a protein molecule as a macro ion, the order of magnitude of its molar conductivity can be estimated from its charge and size. As an example, for the case of the dominant whey protein, beta-lactoglobulin, with a charge of about 7 at physiological pH, and a radius r of some 2.5 nm, the ionic molar conductivity : Values taken from Atkins. [11] c Estimated from experimental data ( Fig. 3 ). Concentration weighted values.
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where F is Faraday's constant, e is the elementary charge, z is the valence, and , is the viscosity. [11] Given that the concentration c of beta-lactoglobulin in milk is some 0.3%, less than 0.2 mM, the contribution to milk conductivity would be less than 0.5%. However, the effect of the protein on viscosity of the solution acts in the opposite direction and in net effect surpasses the ionic contribution as shown below. The voluminosity V of milk proteins is of the order 2-4.5 mL/g, with undenatured beta-lactoglobulin at the lower range. From the Einstein viscosity relation, the viscosity of a solution depends on the viscosity of the solvent 0 and the total volume of solute 0
This viscosity increase is here some 1.5% and this will decrease the total solution conductivity in the corresponding degree. Thus the net effect of protein on conductivity is one of decrease. At the common, low protein concentrations in milk the effect on viscosity and charge transport are approximately linear with concentration and are thus not likely to contribute to any complications in the calculation of the effects of dilution on conductivity.
The conductivity of milk is lower than for its fat-and casein-free phase also due to the obstruction of the charge-carrying ions by the fat and casein micelles. [12] For milk, the relation between the fat content and conductivity is well understood theoretically [13] and studied experimentally, [5] and is given by:
where K 0 is the conductivity of the fat-free milk and v is the volume fraction of conducting medium. Lawton and Pethig found the exponent to be 1.56 within the same range of fat content. [14] The difference in conductivity between the two models is 0.27% for milk with a fat content of 4%. Increasing temperature has a positive effect on conductivity. This is mainly due to decreased viscosity, but other effects such as changes in the degree of dissociation of the salts and changes in hydrodynamic radius may be of importance. Other effects of increased temperature on milk include the association of dissolved calcium and phosphate with casein micelles and the formation of solid calcium phosphate, Ca 3 (PO 4 ) 2 . [15] Due to the release of protons the pH decreases, but below 60 C, the changes are expected to be small. The temperature coefficient, i.e., the temperature dependency of conductivity of undiluted milk, has been examined by Prentice [6] and Oshima. [16] Prentice showed that the temperature coefficient of undiluted milk changes with temperature. In the temperature interval 15-40 C, the temperature coefficient was found to decrease from 2.41 to 1.73% C À1 .
Conductivity of Strong Electrolytes
For strong electrolytes at low concentrations Kohlrausch's law and the Debye-Hu¨ckel-Onsager theory describe a nonlinear relationship between conductivity, temperature, and concentration. The dominating ions dissociated in the milk serum are potassium, chloride, and sodium. When dissociated in the serum, the ions ORDER REPRINTS conduct current as strong electrolytes. Kohlrausch's law says that the molar conductivity varies as the square root of the concentration [11] :
where Ã 0 m is the limiting molar conductivity. The molar conductivity decreases with the concentration due to increased ion-ion interaction. The Debye-Hu¨ckel-Onsager theory states that [11] :
where " is the electric permittivity of the solvent. Kohlrausch also showed that Ã 0 m can be expressed as the sum of the contributions from the individual ions. In theory, it is thus possible to calculate Ã 0 m for milk if the salt concentrations are known. In this study a relation between conductivity, temperature, and degree of dilution of milk was determined. The validity of Kohlrausch's law and the Debye-Hu¨ckel-Onsager theory was also investigated for diluted milk samples.
MATERIALS AND METHODS
The experiments were performed using two batches of commercial milk, 0.1% w/w fat (''Minimjo¨lk'') and 0.5% w/w fat (''La¨ttmjo¨lk'') both from Ska˚nemejerier, Sweden. The milk batches were diluted in six concentrations from 100 to 10% milk in deionized water. The milk concentrations were 10, 15, 25, 50, 75, and 100%. Three samples were studied at each dilution. Each sample was heated from 2 to 70 C and the conductivity was measured at 2, 10, 20, 30, 40, 50, 60, and 70 C. In all 144 measurements were performed on each milk batch. The conductivity sensor used was an Orion model 150 conductivity meter with a nominal accuracy of AE0.5% of range (Orion, Boston, Massachusetts, USA).
RESULTS AND DISCUSSION
The results of the conductivity measurements are presented in Fig. 1 . All the results are corrected to 0% fat according to Prentice's model (Eq. (3) ). The difference in using Prentice's model or Lawton and Pethig's model is 0.03% for milk with 0.5% fat. The differences in conductivity between the batches are due to natural variations in milk conductivity. Figure 2 shows that within the temperature interval 20-40 C, the temperature coefficient agrees with Prentice's results. [6] ORDER
REPRINTS
In Table 1 the most common ions in milk serum and their properties are listed. [9, 11] Based on the theoretical values, the total concentration of ions in undiluted milk is 120.9 mmol L À1 and a representative value of the valence is 1.1. The limiting molar conductivity (Ã 0 m ) could not be found for some of the ions present in milk and therefore, a representative limiting molar conductivity could not be calculated based on literature data. A representative value of the limiting molar conductivity for milk, 75 S cm 2 mol À1 , was experimentally determined from the intercept in Fig. 3 . Figure 3 also shows Kohlrausch's law and the Debye-Hu¨ckel-Onsager theory at 25 C (solid line) together with experimental data for 2, 30, and 60 C. The experimental values are temperature compensated to 25 C. Temperature compensation is achieved assuming the same temperature dependency of the limiting Figure 1 Experimental results from the conductivity measurements. Temperature range 2-70 C.
Figure 2
The relation between the conductivity of undiluted fat-free milk (K 0 ) and temperature. The experimental results from both milk batches are compared with Prentice's result. [6] molar conductivity of the ions of milk as the limiting molar conductivity of potassium, and the appropriate viscosities of milk serum. [15, 17] The model shows good agreement at concentrations below 30 mM, which corresponds to about 25% milk in water. At higher concentrations the assumptions of the model are not valid. In milk solutions, a change in the degree of dissociation of the salts and changes in the voluminosity of micelles probably play an important role, and these parameters are influenced by the temperature as well as the concentration. The temperature also affects the composition of salts in the serum. Due to the complex nature of milk with primary and secondary effects of its components when heating or diluting it is very difficult to theoretically predict the conductivity. At high concentrations these effects become more dominant and make a prediction even more difficult. Therefore, an empirical model that includes all these effects is preferable for practical purposes.
A power-law model adequately describes the effect of dilution over the whole studied range:
where
T is the absolute temperature and K 1,25 C is the conductivity of undiluted, fat-free milk at 25 C, which varies from batch to batch. The standard deviation is 0.0067 mS cm À1 , which corresponds approximately to 0.1% milk at 10 C and 0.07% milk at 70 C. Figure 4 shows the relation between the measured and the predicted values. Figure 3 The experimental values at 2, 30, och 60 C in relation to Kohlrausch law and the Debye-Hu¨ckel-Onsager theory, assuming a molar concentration of 120.9 mmol L À1 , an ion valence of 1.1, and a limiting molar conductivity of 75 S cm 2 mol À1 . Pronounced deviation from linearity is seen at 0.2 M 1/2 , corresponding to about 25% milk in water.
By combining Eqs. (3), (8), and (9) a general equation describing the conductivity of milk solutions in the temperature interval 2-70 C can be obtained:
where F is the fat content (v/v) of the milk solution.
CONCLUSIONS
Kohlrausch's law and the Debye-Hu¨ckel-Onsager theory show good agreement with experimental data at concentrations below 30 mM, which corresponds, to about 25% milk in water. The representative value of the limiting molar conductivity of milk was found to be 75 S cm 2 mol À1 . At higher milk concentrations, the theory cannot adequately describe the relationship between the conductivity, temperature, and milk concentration. A power-law model can, however, successfully describe this relation for milk concentrations between 10 and 100% in the temperature interval 2-70 C with a standard deviation of 0.0067 mS cm À1 .
